This paper explores the use of blue laser triangulation sensors to measure displacement of a target located behind or in the close proximity of natural gas diffusion flames. This measurement is critical for providing high-quality data in structural fire tests. The position of the laser relative to the flame envelope can significantly affect the measurement scatter, but has little influence on the mean values. We observe that the measurement scatter is normally distributed and increases linearly with the distance of the target from the flame along the beam path. Based on these observations, we demonstrate how time-averaging can be used to achieve a standard uncertainty associated with the displacement error of less than 0.1 mm, which is typically sufficient for structural fire testing applications. Measurements with the investigated blue laser sensors were not impeded by the thermal radiation emitted from the flame or the soot generated from the relatively clean-burning natural gas.
Introduction
Stimulated by the events of September 11 th , 2001 and the collapse of the World Trade
Center towers, engineering practitioners and policy makers conducted numerous workshops and related studies to identify research, technology and regulatory needs to improve structure performance in the event of a fire [1] [2] [3] [4] [5] [6] . Among other needs, these studies recommend increasing efforts to test full-scale structural systems in realistic fires and improving measurement technologies to provide high-quality data from these tests. Displacement measurements are commonly used in large-scale tests of structural systems to assess the structural stability and response to extreme loads. However, typical displacement sensors cannot operate in flames and extreme thermal environments.
McAllister et al. [7] outline the necessary capabilities for displacement sensors based on the expected conditions in structural fire tests. Sensors must function properly in the presence of gas temperatures from 20 °C to 1400 °C for a period up to four hours with known resolution and uncertainty. Meanwhile measurement targets, e.g. a structural steel or concrete member, may experience sustained temperatures up to 750 °C. The measurement method must be insensitive to rapid heating and cooling and it should function in the presence of soot. In the case of displacement, the required measurement range varies based on the object being measured. For example, the range may be small for a bolted connection undergoing thermal expansion or large in the case of sag at the mid-span of a long beam undergoing inelastic deformation. In general, a target measurement range from 1 mm to 1000 mm with a resolution down to 0.1 mm is desirable to assess the behavior of a structure or for control of an experiment.
This paper considers the use of laser triangulation sensors in diffusion flames. Although many optical (noncontact) position measurement techniques exist, laser triangulation sensors are 3 / 21 robust compared to other scientific-grade laser displacement sensors, allow for fast acquisition rates and have a suitable range and accuracy for structural applications [8, 9] . Triangulation sensors typically consist of four components: a laser, a collecting lens, a position sensitive detector (PSD) that converts light energy to electrical signal, and signal conditioning electronics.
The functional principle of laser triangulation is illustrated in Figure 1 . A point of light (continuous or modulated) is projected onto the target surface and the reflection of the light spot passes through a collection lens and is imaged by a detector. The distance to the target can be determined based on the intensity and position of the light received on the detector and geometric relationships. Most triangulation lasers have a fixed "standoff" distance in which no measurements can be made and "measurement range" that are governed by the sensor geometry. Three key impediments to using laser-based displacement sensors in the presence of fire can be summarized as: thermal radiation emitted by the flame and target, refraction of the laser beam by the heated gasses, and extinction of the beam by airborne particulate (e.g., soot).
Laser-based triangulation sensors that operate near the red portion of the electromagnetic spectrum (620 nm to 750 nm) do not work well on glowing targets because the power of the laser signal is overwhelmed by radiation emitted by the "red hot" target. This problem can be overcome by using lasers that operate in the blue-green (350 nm to 570 nm) spectrum. As discussed by Stöbener [10] , the required laser power at various wavelengths can be estimated considering the spectral sensitivity of the detector and the power of the radiation emitted from the heated target as estimated using Planck's law. Alternate technologies for laser-based displacement measurement on hot surfaces, such as time-of-flight lasers [11] and conoscopic holography [12] have also been proposed. Since blue laser triangulation sensors that significantly reduce the problem of target radiation are now commercially available, we do not further consider radiation emitted from a glowing target an impediment. While it is theoretically apparent that lasers operating in the blue-UV spectrum would also have improved performance in the presence of visible radiation emitted from flames (primarily from glowing soot particles), no applications of blue lasers in flames could be found in the literature.
A laser beam in proximity to a flame will be refracted by thermal gradients. This is often referred to as "beam steering". This effect has been used by numerous researchers to study the structure and temperature profile of diffusion flames [13] [14] [15] . To the authors' knowledge, no studies have been published that investigate the influence of flame-induced refraction on blue laser triangulation sensors with the purpose of characterizing the position of a target in close proximity to a diffusion flame.
A major impediment to optical measurements in fire is the extinction of the signal by airborne soot particles. Optical extinction coefficients of soot particles in the visible spectrum are well-documented [16] [17] [18] , and vary according to wavelength, particle size, and particle concentration. Signal loss occurs rapidly for fuels that generate a lot of soot, for example diesel [19] . However, clean-burning fuels such as natural gas generate relatively little soot and are commonly used in large structural fire tests, significantly reducing the problem of laser extinction.
In this paper we report on the feasibility of using blue laser triangulation sensors to measure displacement of a target located behind diffusion flames generated by natural gas. We consider the issue of laser extinction and quantify the effect of laser refraction on the accuracy and uncertainty of the measured displacement. Finally, we show how time-averaging can be used to reduce measurement uncertainty to an acceptable limit in the context of structural fire applications.
Experimental setup
The experiments were conducted on an optical table (1.2 m × 2.4 m in plan) located underneath an exhaust hood. The setup consisted of a laser sensor, a burner, a target and barriers to control air currents. Figure 2 shows a photograph of the setup.
Throughout these investigations we used a blue laser triangulation sensor (hereafter . It is noted that while the observations herein can be extrapolated to larger measurement ranges, commercially-available blue triangulation lasers are currently limited to 1000 mm range. This range is adequate for most structural fire engineering applications. We acquired data from a digital output signal at a sample rate of 2500 Hz (the maximum available for this sensor) using the software provided by the manufacturer. The manufacturer-certified linearity over the measurement range (maximum deviation from a straight line) and resolution (smallest change that can be measured) of this sensor under ambient conditions are 0.75 mm and 0.05 mm, respectively. The distance between the sensor and the fire was sufficient to keep the temperature of the sensor itself well-within its specified operating range.
The burner was a small gas diffusion burner 65 mm in diameter with a silica bead diffusion media. The fuel was natural gas; typically 91 % to 94 % methane, less than 5 % ethane, and less than 1 % propane or other gases (by volume fraction) at our test facility. The gas flow rate was regulated to less than 5 L/min, which produced a flame with a heat release rate and height of less than 4 kW and 350 mm, respectively.
The target consisted of sheet metal painted black, oriented perpendicular to the laser beam and rigidly attached to the optical table. The sensor is insensitive to small target angles [21] . The target and sensor were stationary during each test.
Metal barriers surrounded the setup on three sides during testing; to the left and right of the flame and behind the target. This helped to stabilize the flame against undesired air currents that could push the flame out of the path of the laser.
A schematic drawing of the test setup and geometric variables is provided in Figure 3 .
Critical variables in the test matrix included: 1) the height of the flame (Fh) as controlled by the gas flow rate (Q), 2) the height of the transmitted (out-going) laser beam (H) relative to the top of the burner, 3) the distance between the flame and the target (Dt) and 4) the total distance between the sensor and the target (D). 
Results and Discussion
A total of 20 tests were conducted for various configurations of the test geometry and flame size. This section will first present the results for a typical test configuration to demonstrate the common features of the data. Then, the results of several groups of tests will be compared to demonstrate significant influences of diffusion flames on sensor performance as well as data processing requirements specific to this application.
For each test we nominally acquired data for 70 s: 15 s without the burner ignited, followed The measurement variability before the flame is ignited can be attributed to small vibrations of the test setup. With the flame present (Figure 4(c) ), the standard deviation increases significantly and a small mean displacement is measured. After the flame is extinguished (Figure 4(d) ), the standard deviation decreases significantly, but remains larger than the original value due to the residual thermal gradients above the warm burner. In this example, the mean value of the measurement in Zones 2 and 3 is less than the sensor resolution. 
Repeatability
To characterize the repeatability of the measurement in the presence of flame (Zone 2), we conducted three test replicates with nominally identical parameters. The gas flow rate (Q) for these tests was set at 3 L/min, resulting in a flame height (Fh) of approximately 300 mm. The laser beam height (H) was 150 mm above the surface of the burner. The burner was located midway between the sensor and the target: D = 660 mm and Dt = 330 mm. This configuration ensured that the transmitted and return beam paths consistently traveled through the flame.
As described above, the position reading of the sensor was recorded for nominally 40 s while the flame was burning steadily and the measurement error was recorded. Figure 5 shows the frequency distribution of the measurement error for each test, with key distribution parameters indicated in the inset table. Referring to the figure, the frequency distribution and standard deviation are nearly identical for the three test repeats. The slight variation in the mean values observed between tests is not statistically significant (at 5 % significance level) per oneway analysis of variance (ANOVA). Discussion about downsampling to ensure independence of the data samples is provided in Section 3.5.
The extent to which the data in Figure 5 are normally distributed can be assessed using a quantile-quantile plot (QQ-plot). A QQ-plot is a graphical technique to rapidly determine if two data sets come from populations with a common distribution [22] . In this case, the distribution of the measured displacement error is compared to a normal distribution. If the two data sets come from populations with the same distribution, the results will have a one-to-one ratio. The linearity of the QQ-plots for these data ( Figure 6 ) show that the data are normally distributed for values within approximately two standard deviations of the mean. 
Laser extinction
As we discussed in the Introduction, a significant impediment to using lasers in a fire environment is the extinction of the signal due to soot. Since in these tests our fuel was natural gas (predominantly methane), the amount of soot generated was small compared to other types of fuel. Nevertheless, we attempted to study the influence of the amount of soot in the path of the laser on the extinction behavior by fixing the laser height (H) at 150 mm and varying the flame size by adjusting the gas flow rate Q. By increasing the flame size, more soot was produced and the length of the laser path through the soot was increased. Figure 7 shows displacement error time-histories along with corresponding long-exposure images at three different flame sizes. The displacement error time-histories located above the photos in Figure 7 indicate that for this test setup, the increased volume of flames did not prohibit measurement; i.e., there was no detectable loss of signal in the form of outlier values or dropped samples. As this sensor was not inhibited by the maximum fire produced by this burner, a larger fire is required to study the extinction of signal for the investigated sensor by natural gas flames.
The displacement histories in Figure 7 also illustrate that the majority of the signal noise caused by the flame is due to temperature gradients, rather than by the flame itself (the source of those gradients). The standard deviation of the measurement error without flame (Figure 7(a) ) or with flame (Figure 7(b), (c) ) in the path of the laser is similar. This observation was further corroborated by the fact that similar standard deviation of the measurement error was observed when the burner was replaced by a small electric heater. 
Influence of the flame to target distance
Another factor that significantly influences the performance of the sensor when used through flames is the distance between the flame and the target. Figure 10 shows that the mean of the displacement error is unaffected by the position of the flame along the beam path, however, the standard deviation of the displacement error increases linearly with the flame-totarget distance (Dt). This behavior can be understood by thinking of the flame as a lens -created by a thermal gradient in gas temperature -that refracts the laser beam as the flame flickers. By increasing the distance between the flame and the target, the influence of the refraction increases linearly as illustrated in Figure 11 . In Figure 11 , only the out-bound laser path is shown for clarity, however, the beam is also refracted on the return path through the flame. Table 1 reports a set of sample statistics of the raw and averaged data from Figure 12 . The "Raw" data in Table 1 show that the mean value is a robust indicator, i.e., insensitive to the window length, of the position of the target (due to the lack of outliers in the data). Furthermore, the standard deviation and maximum absolute error (difference between the true position and the recorded value) of these data are reduced by the averaging, as would be expected for largely normally-distributed data. Because the flame-induced distortion is due to a physical phenomenon with a characteristic time scale, i.e., refraction by the moving thermal gradients, it is useful to look more closely at the independence of the samples for the 2500 Hz sampling rate. To do this, a short section of the time-history response from Figure 12 is shown in Figure 13 (a). The autocorrelation plots in Figure 13(b) show the degree of similarity between a sample and the samples around it, i.e., a "lagged" version of itself. At a rate of 2500 Hz, sequential samples are highly correlated to over 300 neighboring samples. Downsampling the data by a factor of 50 (to 50 Hz) reduces the autocorrelation lag length significantly, and consequently reduces the required averaging window length, with negligible change to the mean values or standard deviation (compare "Downsampled" to "Raw" data in Table 1 ). If the estimated standard deviation of the sensor under normal operating conditions (s1) is assumed to be ±0.029 mm (sensor resolution of 0.05 mm divided by √3) and the standard deviations resulting from the flames (s2) are as shown in Table 1 , the combined standard uncertainty (uc) can be calculated as:
Equation 1
where the sensitivity coefficients are α1= α2=1.0 [22] . Table 1 shows that the combined standard uncertainty is dominated by the effect of the flames and that it could be reduced below 0.1 mm using a using a window length (tw) as short as 4 s. When structural member displacement is measured in a real application, the mean displacement will typically vary (slowly) with time as the member and structure deform.
Therefore, application of averaging must be applied appropriately for a non-stationary process.
The window length must be sufficiently short to capture salient transient features in the mean displacement but long enough to ensure that the uncertainty of the mean of the window is below the desired threshold. Selecting the appropriate window length can be done manually during post-processing by taking into account the above observations.
Summary, conclusions and future work
Researchers need improved methods to accurately make displacement measurements in building fire experiments. The harsh conditions in a building fire -rapidly fluctuating gas temperatures up to 1400 °C, radiation emitted from flames and heated targets, and the presence of soot -challenge technologies that have been developed to measure displacement under ambient conditions. This study explores the feasibility of using commercially-available blue laser triangulation sensors to measure displacement of targets located behind or in the close proximity of diffusion flames generated by natural gas.
The results suggest that blue laser triangulation sensors are promising for this application. Based on these results, we recommend additional testing to verify functionality of this laser type in larger natural gas fires where the entire laser beam travel path is engulfed by flame. Work is recommended to study optimized windowing methods that can be used to efficiently track non-stationary targets. These methods must account for the temporal variation characteristics of building movement in a fire and the influence of fire dynamics on measurement distortion.
Finally, for practical application, cooling enclosures that allow a sensor to be placed within a burning room in close proximity to structural members need to be developed.
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